Abstract The retrograde membrane transport pathways from endosomes to the trans-Golgi network (TGN) are now recognized as critical intracellular pathways to recycle and shuttle a selective subgroup of membrane proteins, including sorting receptors, membrane-bound enzymes, transporters, as well as providing an avenue for the intracellular transport of various bacterial toxins. Multiple pathways from endosomes to the TGN have now been defined which differ between the cargo transported and the machinery used. Here, we review advances in these pathways and the requirement for TGN organization, and also discuss the development of unbiased analytical approaches to quantitatively track cargo that use these endosome-to-TGN pathways.
Introduction
The trans-Golgi network (TGN) is a key organelle for protein transport in all eukaryotic cells. The TGN is the exit face of the Golgi and acts as a major traffic hub regulating membrane transport in the cell's secretory pathway as well as receiving protein cargo from endosome compartments (so-called 'retrograde' transport). Bidirectional traffic between the TGN and the endosomal system is essential to the functional integrity of the Golgi apparatus and more broadly for development, organelle biogenesis, and nutrient homeostasis (Burd 2011; Johannes and Popoff 2008; Pavelka et al. 2008) . Furthermore, many bacterial toxins mediate cytotoxicity, and some viral proteins promote pathogenicity by exploitation of endosome-to-TGN pathways.
Despite the central role of transport pathways between the TGN and endosomes in cell and developmental biology, these pathways have received less attention compared with endoplasmic reticulum-to-Golgi transport and clathrin-mediated endocytosis at the plasma membrane (PM). However, recent studies have begun to resolve these pathways in detail, define the molecular machinery for each pathway, and the choice of pathway for an increasing range of different cargo.
A prime function of retrograde transport is to retrieve protein cargo from the plasma membrane and endosomes for reuse. Anterograde transport from the Golgi results in the depletion of sorting receptors, processing enzymes, and vesicle targeting and fusion factors, all of which must be returned to the TGN to maintain its function. Retrograde transport from the endosomes to the TGN is important in many physiological and cellular processes in flies, worms, and mammals (Bonifacino and Rojas 2006a; Burd 2011; Johannes and Popoff 2008) . For example, regulation of the secretion of Wnt signaling factors by the sorting receptor Wntless is dependent on the continuous recycling and retrograde transport of Wntless .
Several retrograde transport pathways from different endosomal compartments to the TGN have now been identified (Bonifacino and Rojas 2006a; Johannes and Popoff 2008; Lieu and Gleeson 2011) (Fig. 1 ). These include pathways from the early and recycling endosomes to the TGN and from the late endosomes to the TGN . Multicellular organisms have a greater complexity in their retrograde transport pathways than single cell eukaryotes such as yeast that are often used as a model system (Bonifacino and Rojas 2006a) , and this complexity is reflected by a greater number of regulatory components that regulate the pathways in multicellular organisms. The evolution of these pathways is likely to stem from their central roles in the development and physiology of multicellular organisms. This review will focus on some recent advances of the pathways involved and the emergence of a new method to quantitatively track the movement of cargo along endosome-to-TGN pathways.
Retrograde pathway cargo
The retrograde transport route is used to transport a highly selective subgroup of membrane proteins. The cargo proteins that use this pathway have a variety of functions and can be classified broadly into four groups: (1) sorting receptors such as mannose 6-phosphate receptors (MPRs) and Wntless, (2) integral membrane proteases such as b-secretase, furin, and the yeast Kex2, (3) SNAREs, and (4) nutrient and ion transporters (Bonifacino and Rojas 2006a; Ghosh et al. 2003; Lewis et al. 2000; Shewan et al. 2003) . In addition, bacterial and plant toxins, such as Shiga toxin, cholera toxin, and ricin, are internalized by endocytosis and then undergo retrograde transport to the TGN as an essential step in mediating cytotoxicity (Sandvig and van Deurs 2000; Sandvig et al. 2013; Utskarpen et al. 2006) .
The membrane protein TGN38/42 and the non-toxic receptor-binding B-subunit of bacterial Shiga toxin (SxTB) have been used as model cargo to examine retrograde transport and have played key roles in the discovery and dissection of membrane trafficking at the early/recycling endosome-TGN interface (Johannes and Popoff 2008; Lieu and Gleeson 2011) . With the use of intracellular markers, these pathways can be broadly divided into retrograde transport from the recycling endosomes, the early endosomes, or the late endosomes, to the TGN. Each pathway is characterized by distinct sets of sorting machinery and the retrograde cargo that utilize these pathways. However, some overlap in machinery exists between pathways, in part a reflection of the complexity of the nature of endosomal compartments.
Endosomes are a complex membrane system of tubularvacuolar nature of which the early endosomes and late endosomes/lysosomes are the major components (Gruenberg and Stenmark 2004) . The endocytic recycling compartment and associated recycling endosomes are often perceived as a differentiated subdomain of the tubular endosomal network (Bonifacino and Rojas 2006b) or extensions of the early endosomes and, in fact, cannot be distinguished from the early endosome by any one protein or lipid, apart from morphological differences (Maxfield and McGraw 2004) . To compound the problem, early endosomes and late endosomes may also represent a continuum rather than distinct compartments. For some time, endosomal cargo sorting was based on the notion of stable compartments between which cargo traffic in vesicular intermediates. Each compartment is thus assumed to have a defined and constant composition, and function as a distinct, long-lived unit in recycling. However, there has been a gradual shift in view, to one where endosomes are thought to undergo gradual maturation from nascent early endosomes to maturing early endosomes, to early late endosomes, and then mature late endosomes. The composition of endosomal membranes at different stages of this continuum can be imagined as a 'mosaic,' with various levels of proteins or lipids rather than an absolute presence of absence of a particular marker (Cullen 2008) .
Thus, the division of retrograde pathways into three main routes may be an oversimplification of the complexity of transport processes between the endo-lysosomal system and the TGN. Nonetheless, the retrograde routes and cargoes that utilize these pathways highlighted below have been instrumental in augmenting our understanding of retrograde transport processes.
The early endosome-to-TGN pathway Mallard et al. (1998) provided the first evidence for the early endosome-to-TGN (EE-to-TGN) route, using STxB as a model cargo. Clathrin was found to be required for exit of STxB from early endosomes (Saint-Pol et al. 2004) . Some clathrin adaptors are also involved in retrograde transport of Fig. 1 Endosome-to-TGN retrograde transport pathways. Proteins are internalized from the plasma membrane to the early endosomes, where cargo (red boxes) can undergo retrograde transport back to the TGN via a number of different pathways. Shiga toxin B (STxB) utilize the recycling endosome-to-TGN route, and TGN38 utilizes the early endosome-to-TGN route whereas mannose 6-phosphate receptors (MPRs) and furin use the late endosome-to-TGN route STxB, such as AP1 (Meyer et al. 2000) , epsinR (Saint-Pol et al. 2004) , and OCRL (oculocerebrorenal syndrome of Lowe) (Choudhury et al. 2005) , the last of which is a PI(4,5)P2-phosphatase that interacts with the clathrin heavy chain and promotes clathrin assembly in vitro. MPRs may also traffic directly from early endosomes to the TGN, as MPRs accumulate in early endosomes under many conditions that block retrograde transport to the TGN, such as perturbations in AP1 (Meyer et al. 2000) and PACS-1 (Scott et al. 2006) and PIKfyve (Rutherford et al. 2006) .
The retromer complex is another important regulator of retrograde transport that is localized on early endosomes and has been shown to be required for retrograde transport of both MPRs and STxB (Bonifacino and Hurley 2008) . The finding that clathrin components and retromer are both needed for MPRs and STxB have led many to suggest that they may be functionally linked (Johannes and Popoff 2008) . A combined action may be mediated by proteins that link retromer and clathrin at the early endosomes, such as Hrs (Popoff et al. 2009; Chin et al. 2001 ). In addition, the early endosomal J domain protein RME-8 recruits SNX1 and the clathrin uncoating ATPase Hsc70. This simultaneous interaction may thus couple the recruitment of the retromer with the shedding of the clathrin coat (Popoff et al. 2009; Shi et al. 2009 ).
Specific tethering machinery and SNARE complexes have been associated with EE-to-TGN transport. In particular, the TGN golgin GCC88 appears to play a role in EEto-TGN transport. Surprisingly, GCC88 depletion resulted in the retention of the cation-independent mannose 6-phosphate receptor (CI-MPR) and TGN38 at the early endosomes, but did not perturb retrograde transport of STxB ). This indicates that there may be some distinction between the retrograde pathways of STxB and TGN38, or that the TGN golgins may add another level of specificity to retrograde sorting Lieu and Gleeson 2010) . In addition, the GARP complex was shown to be required for the tethering of MPR-positive vesicles to the TGN membranes (Perez-Victoria et al. 2008) . GARP is recruited to the TGN by the TGN-localized Rab6 GTPase (Liewen et al. 2005) and is thought to promote SNARE complex formation. Two SNARE complexes have been implicated in transport from early/recycling endosomes to the TGN: the syntaxin 6/syntaxin 16/Vti1a/ VAMP3 or VAMP4 SNARE complex and the syntaxin 5/GS15/GS28/Ykt6 SNARE complex (Mallard et al. 2002; Amessou et al. 2007; Xu et al. 2002; Tai et al. 2004 ).
The late endosome-to-TGN pathway Pfeffer and colleagues were the first to propose that MPRs recycle to the TGN via the late endosomes (Lombardi et al. 1993) . A number of machinery components have been shown to be specifically involved in the late endosome-to-TGN (LE-to-TGN) transport of MPRs, such TIP47 and Rab9 (Carroll et al. 2001; Lombardi et al. 1993) . Rab9 can also bind the TGN golgin GCC185 (Reddy et al. 2006) . Surprisingly, depletion of GCC185 perturbs retrograde transport of not only MPRs but also STxB , suggesting that GCC185 regulates more than one retrograde transport pathway. In support of this proposal, GCC185 also interacts with Rab6 and syntaxin 16, both of which are involved in EE-to-TGN trafficking (Mallard et al. 2002) .
Transport of MPRs from Rab9-positive late endosomes to the TGN is dependent on a specific syntaxin 10/syntaxin 16/Vti1a/VAMP3 SNARE complex (Wang et al. 2005; Ganley et al. 2008 ). Depletion of syntaxin 10 perturbed retrograde transport of MPRs but had no effect on that of the EE-to-TGN transport of TGN46 and cholera toxin (Ganley et al. 2008) . In contrast, depletion of syntaxin 6, which is part of the SNARE complex involved in EE-to-TGN transport, disrupted retrograde transport of TGN46 and cholera toxin (Ganley et al. 2008) . Thus, the syntaxin 10-SNARE complex appears to function exclusively along LE-to-TGN transport.
Furin is a membrane proprotein convertase, whose primary role is to cleave the proprotein domains of immature proteins to trigger their enzymatic activation (Thomas 2002) . Our studies have recently shown that furin utilizes the retrograde route leading from late endosomes to the TGN and is dependent on the late endosome-localized Rab9 GTPase, the TGN golgin GCC185, and the t-SNARE syntaxin 10 for efficient TGN-retrieval . Furin is only the second cargo to be found to use the LE-to-TGN retrograde pathway, and indeed, many parallels can be found between the trafficking of furin and CI-MPR, in terms of their dependence on the specific trafficking machinery, Rab9, TGN golgin GCC185, and syntaxin 10 ).
The recycling endosome-to-TGN pathway Relatively few cargo have been shown to use the recycling endosome-to-TGN (RE-to-TGN) route, perhaps due to that fact that very few exclusive markers for this compartment exist. Early studies by Maxfield and colleagues using a Tac-TGN38 chimera showed that the chimeric protein was delivered to the recycling compartment en route to the TGN (Ghosh et al. 1998) . However, further studies showed that full-length TGN38 utilized a direct EE-to-TGN route instead Banting and Ponnambalam 1997) . This discrepancy may be explained by the use of the transferrin receptor as a marker of the recycling endosomes in early experiments, which has an itinerary involving both early and recycling endosomes. STxB has also proposed to use the RE-to-TGN pathway, based on the fact that GCC185 depletion resulted in retention of STxB in Rab11-positive recycling endosomes (Lieu and Gleeson 2010) . This finding was perhaps difficult to reconcile with the established role of retromer, thought to act at a point between early and late endosomes. However, a recent report by Sheff and colleagues, utilizing ablation of recycling endosomes, has suggested that retromer is required also for early endosome to recycling endosome transport step and that both CI-MPR and Shiga toxin pass through the recycling endosomes to the Golgi ((McKenzie et al. 2012) .
Another cargo that has been shown to undergo retrograde transport from the early and recycling endosomes is the v-SNARE VAMP4 (Tran et al. 2007 ). This recycling route is consistent with the role of VAMP4 in mediating retrograde transport of cargo from early/recycling endosomes, through formation of a SNARE complex with syntaxin 6, syntaxin 16, and Vti1a (Mallard et al. 2002) .
Retrograde transport in specialized cells with fragmented Golgi
The majority of studies on retrograde transport have been carried out using immortalized cells where the mammalian Golgi is organized as a ribbon structure during interphase of the cell cycle. Given the microtubule-dependent process of retrograde transport to the perinuclear location of the Golgi ribbon (Wassmer et al. 2009 ), the question arises whether the Golgi needs to be organized in a continuous ribbon structure for functional retrograde transport to occur. This question is relevant as there is considerable plasticity in the arrangement of the Golgi stacks and the Golgi apparatus deviates from a ribbon conformation in a variety of cell processes. For example, in mammalian cells, regulated fragmentation of the Golgi occurs during mitosis (Colanzi et al. 2003; Nelson 2000) and repositioning of the Golgi can occur during a number of processes, including directed secretion and pathogen invasion (Kupfer et al. 1983; Yadav et al. 2009 ). Moreover, the structure of the Golgi differs in different cell types. The Golgi of plant cells is not a ribbon structure, rather the Golgi consists of very large number of individual Golgi stacks (Faso et al. 2009; Hawes et al. 2010) . In yeast cells, the Golgi has been identified as either ordered individual stacks, as in Pichia pastoris, or individual cisternae spread throughout the cytoplasm (Papanikou and Glick 2009) . Drosophila imaginal disk cells have dispersed Golgi mini-stacks (Yano et al. 2005) .
We recently discovered that mouse gastric parietal cells, a highly differentiated cell of the gastric mucosa, does not have a Golgi ribbon, rather the Golgi apparatus in these cells is dispersed as mini-stacks throughout the cytoplasm (Gunn et al. 2011) (Fig. 2) . The highly specialized parietal cell is an epithelial cell that secretes acid into the lumen of the stomach (Pavelka and Roth 2010) . The dispersed Golgi stacks of cultured parietal cells were shown to function in both anterograde and retrograde membrane transport (Gunn et al. 2011) . Of particular relevance to this review is the trafficking of the model cargo cholera toxin (ChxB) which can undergo retrograde transport from the plasma membrane to the Golgi in other cells. Quantitation of cholera toxin after 4 h internalization revealed that approximately 25 % of total ChxB was co-localized with the marker Golgi GM130, demonstrating that plasma membrane-to-Golgi transport pathway is functional in parietal cells and that the majority of Golgi mini-stacks can receive cargo via retrograde transport (Gunn et al. 2011 ). These findings demonstrated a functional retrograde transport pathway in differentiated cells with a highly dispersed and fragmented Golgi apparatus. Given the extraordinary abundance of H/K ATPase containing specialized membranes (tubulovesicular elements) in the cytoplasm of parietal cells (Scarff et al. 1999) , the scattered Golgi stacks may provide a more efficient mechanism for delivery of retrograde transport carriers compared with a location deeper in the perinuclear region of the cell.
Sorting into the retrograde pathway: potential role of transmembrane domain
Although the machinery of transport for each of the retrograde transport pathways is becoming increasingly welldefined, less is known about the identity of the sorting signals for retrieval of cargo proteins from lysosomal degradation into the specific retrograde transport routes. Discrete sorting motifs in the cytoplasmic tails of recycling proteins have been shown to be required for the endocytosis and TGN-retrieval of cargo (Bonifacino and Traub 2003) . For example, acidic cluster motifs in the cytoplasmic tail of furin interact with the adaptor phosphofurin acidic cluster sorting protein-1 (PACS-1) (Wan et al. 1998) , an aromatic-containing sorting motif found in the tail of M6P-R and sortilin interacts with retromer (Seaman 2007; Tabuchi et al. 2010) , and a FW or P-rich motif in the tail of MPR is important for interaction with TIP47 (Diaz and Pfeffer 1998; Krise et al. 2000) . However, signals in addition to those in the cytoplasmic tails may also be required. Sorting of membrane proteins from the early endosomes for direct transport to the Golgi requires the segregation of cargo from the vacuolar membrane of the endosome into the tubular endosomal extensions from which transport carriers are derived (Bonifacino and Rojas 2006a; Cullen 2008; Cullen and Korswagen 2012) . Our work has shown that TGN38 is transported directly from early endosomes to the TGN, whereas furin is transported via the Rab9-dependent retrograde pathway from the late endosomes Lieu and Gleeson 2010) . We have recently exploited the distinct retrograde transport pathways of these two cargo to dissect the sorting signals for their segregation within early endosome. Our surprising discovery is that the segregation of the two cargo at the early endosome is dependent on both the transmembrane domain (TMD) and the cytoplasmic tail. Based on these findings , we have proposed that two signals are required to enter the retrograde pathway from the early endosome, firstly, a TMD which is compatible with the highly mobile disordered lipid domains of the tubules, and secondly, specific motifs in the cytoplasmic tail which can interact with protein coats such as retromer (Cullen and Korswagen 2012) .
The early endosome can be divided into a highly tubulated subregion and the main body/limiting membrane that encompasses the intraluminal vesicles (Gruenberg 2001) . The morphological heterogeneity of early endosomal subdomains may be attributable to differences in lipid composition. By generating tubules from giant unilaminar vesicles with different lipid compositions, Goud and colleagues (Roux et al. 2005) were able to show that rigid lipids like cholesterol and sphingomyelin were excluded from tubular regions. Thus, it is possible that the more tubular regions of the early endosome have a lower level of saturated lipids, consistent with the high level of curvature required for tubulation. On the other hand, the concentration of such lipids in the limiting membrane would result in thicker bilayers with less curvature. However, confirming a difference in lipid composition between subregions of one organelle is technically difficult and, so far, has only been achieved for whole membranes of organelles such as the Golgi or the PM (Graham 2001; Lee et al. 2008) . TMDs assume a a-helical structure in lipid bilayer, and a difference of 2-3 residues would equate to an increase in 3-4.5 Angstroms in length. Whether such a difference is biologically relevant will depend on the relative thickness of endosomal membranes.
Nonetheless, the existence of distinct early endosomal subdomains could explain how TMD length can influence sorting events. According to the general model of proteinlipid sorting proposed by Munro (Bretscher and Munro 1993; Sharpe et al. 2010) , proteins with shorter TMD lengths may be preferentially segregated into subregions with thinner bilayers and more tubular profiles. The clustering of these cargo would result in the recruitment of trafficking machinery such as retromer, via retromerinteracting motifs, to the tubular subregions of the early endosome, facilitating efficient transport of cargo out of this compartment. On the other hand, proteins with longer TMDs would remain in the thicker bilayers of the limiting membrane and are retained in the main body of the early endosome as it matures into a late endosome. Cargo lacking TGN-retrieval motifs would be unable to exit the maturing endosome and are ultimately delivered to the lysosomes.
New methods for monitoring intracellular cargo transport using flow cytometry
In spite of the recent progress in mapping endosome-to-TGN pathways, a major limitation in accurately defining the retrograde transport of cargo is the capacity to quantitatively track the intracellular movement of cargo. The availability of methods for high-throughput quantitative analyses of cargo trafficking in cell populations would overcome one major limitation and be a widely applicable advance in the field. Standard approaches for detecting the intracellular location of cargo involves microscopy-based methods that are highly limited in their throughput capacity, speed of acquisition, and quantitation. Typically, 25-50 cells are analyzed by immunofluorescence for each condition, a time-consuming process. Furthermore, the acquisition of 2D images creates huge data files and necessitates complex data analysis strategies. The development of fast, sensitive, and quantitative approaches to detect intracellular localization and trafficking would represent a major advance in the field. Flow cytometry has the capacity to analyze thousands of cells per second. The classical use of FACS has involved collection of the total fluorescence emitted by each cell, e.g., pulse area, as it pass through the laser light beam, rather than using the instrument to quantitate different intracellular locations. FACS analyses are usually represented as pulse area (Fig. 3a) . In contrast, pulse width provides information about the size of the fluorescent structure. Pulse width has been used in the past to discriminate a pulse due to a single cell from a pulse from a doublet (two cells stuck together) (Wersto et al. 2001) . However, pulse width can be used for other purposes other than doublet discrimination. We have recently described pulse shape analysis (PulSA) to monitor protein localization changes in cells by flow cytometry (Ramdzan et al. 2012) (Fig. 3b) . We assessed the applicability of PulSA for monitoring protein localization differences on a number of biological processes including the internalization and retrograde trafficking of plasma membrane receptor bound proteins to the Golgi using STxB. The pulse width of fluorescently labeled STxB is shifted to match its cellular location, as confirmed by confocal microscopy (Ramdzan et al. 2012 ) (Chia et al. unpublished observations) . Major changes in pulse width measurements demonstrated that PulSA specifically tracks protein localization changes and that these effects do not arise from changes in cell or organelle morphology. With flow cytometry flow rates of [10,000 cells per sec, and availability of 8-color analyses, PulSA provides a considerable advance in quantitative analysis of cargo trafficking.
Concluding remarks
Two main routes for the recycling of proteins have been identified between the cell surface and intracellular compartments. Membrane proteins can undergo recycling between the cell surface and endosomes, which is a feature of proteins such as transferrin receptor, while other proteins recycle between the plasma membrane and the TGN, and as a result, require retrograde transport from the endosomes to the TGN. A number of retrograde pathways leading from the endosomes to the TGN have now been identified Fig. 3 Flow cytometry pulse width can be used for quantitation of cargo localization. a The fluorescence signal of a fluorescent particle or cell as it moves through the detector of a flow cytometer. The maximum height of the signal is the pulse height, and the pulse width is a measure of the return of the signal to a basal level. The total area under the curve is the pulse area. b The different pulse width shapes resulting from either a concentrated small area of intracellular fluorescence or cell surface fluorescence (Johannes and Popoff 2008; Lieu and Gleeson 2011) . These include transport pathways from the early and recycling endosomes to the TGN, used by TGN38 and Shiga toxin, respectively, and a pathway from the late endosome to the TGN, used by the MPRs and furin.
A key question that arises from examining the different itineraries of recycling proteins is the biological basis for a specific recycling pathway. Clearly, a physiological basis must exist to explain the trafficking along a certain retrograde route. In the case of CI-MPR, prolonged retention in maturing endosomes is important for the release of bound acid hydrolases at the low pH of the late endosome, before recycling of CI-MPR to the TGN for further rounds of sequestration. However, the basis for the retrograde transport route for furin is not as obvious. One possibility is that furin may require retention in maturing endosomes for the efficient cleavage and activation of as yet unidentified endogenous substrates within endosomal compartments. If this is the case, then diversion of furin along the early endosome-to-TGN pathway could result in insufficient cleavage of endosomal substrates. Manipulation of the retrograde sorting signals of furin, so that it is recycled to the TGN directly from the early endosomes and bypasses the late endosomal compartment , will allow physiological impact of directing furin along a different retrograde route to be explored in cells and organisms.
The application of a suite of imaging technologies and in particular the marriage of flow cytometry and imaging has considerable potential to enhance the capacity to rapidly analyze Golgi trafficking events in large number of cells in a unbiased manner. In addition, the use of flow cytometry for analysis of protein location has considerable promise for the assessment of the impact of membrane perturbation reagents and specific inhibitors on Golgi trafficking and the isolation of mutants defective in these processes.
In summary, with the advances in approaches to monitor trafficking pathway and knowledge of the machinery and cargo sorting signals, there is now considerable potential to further probe the importance of membrane trafficking events from endosomal compartments to the TGN in different physiological systems and organisms.
